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INTRODUCTION
Red-green-blue (RGB) emitters with high luminous efficiency are essential for full-color organic light-emitting diode (OLED) displays 1 and solid-state lighting. 2, 3 Phosphorescent cyclometalated complexes provide improved electroluminescence efficiencies by utilizing both triplet and singlet electroexcitation pathways. They have the benefits of relatively short excited state lifetimes, high photoluminescence efficiency, good color tuneability and general thermal and electrochemical stability. 4, 5, 6 In this context the archetypal complex is the green emitter fac-Ir(ppy) 3 (ppy = 2-phenylpyridine). For blue emission electron-withdrawing substituents are attached to the phenyl ring of ppy ligands to decrease the HOMO energy while keeping the LUMO energy relatively unchanged. 7, 8 Based on this strategy, fluorine is the most utilized substituent and the benchmark sky-blue emitter for phosphorescent OLEDs (PhOLEDs) is iridium(III) bis [4,6-(di-fluorophenyl) pyridinato-N,C 2′]picolinate (FIrpic 1) ( Figure 1 ). 9, 10, 11, 12, 13 However, FIrpic suffers two major drawbacks. (i) It has poor solubility in common organic solvents; this limits the concentration at which it can be used as a dopant in solution-processed layers.
(ii) FIrpic partially decomposes during vacuum deposition into
PhOLED architectures with loss of the pic ligand and defluorination. 14, 15 Therefore, there is a need for new phosphors which retain the blue emission and efficiency of FIrpic and have good solubility in organic solvents to enable solution processing and ink jet printing which are the methods of choice for large-area device applications. In these processes the molecules are not subjected to the high temperatures of vacuum deposition. The advantages of solution processing over thermal evaporation have been widely recognized. 16, 17, 18, 19, 20 To address these issues we have explored systematic functionalization of the ppy ligands of is straightforward to synthesise and has been obtained in >1 g batches. mmol) in 1,2-dimethoxyethane (20 mL) was degassed by bubbling argon through the mixture for 15 min. The mixture was heated to reflux under argon atmosphere for 24 h and then cooled to room temperature. Dichloromethane (50 mL) was added, the organic layer was separated, washed with brine (2 x 10 mL) and dried over magnesium sulfate. Table 2 . TPBi and LiF/Al layers were thermally evaporated using the Kurt J.
EXPERIMENTAL DETAILS

2-(2,4-Difluorophenyl)-4-(2,4,6-trimethylphenyl)pyridine (C
Lesker Spectros II deposition system operating at 1 x 10 -6 mbar.
Current-voltage data, device efficiency, brightness and electroluminescence spectra were measured in a calibrated Labsphere LMS-100 integrating sphere. A home-written NI LabVIEW program was used to control an Agilent 6632B DC power supply, and the emission properties of the device were measured using an Ocean Optics USB4000 CCD fiber optic spectrometer. Thicknesses of the PVK:OXD-7:Ir layers were measured with a J A Woolam VASE Ellipsometer using thin films which had been spin coated on Si/SiO 2 substrates under the same conditions as the device films.
Solution state photophysical data were obtained using freshly prepared solutions of the complexes in toluene. Emission measurements were taken using thoroughly degassed solutions achieved by repeated freeze-pump-thaw cycles. All measurements were taken using quartz cuvettes with a pathlength of 1 cm. Absorption measurements were obtained using a Shimadzu UV-3600 UV/Vis spectrometer. All emission measurements were taken using a Jobin-Yvon Horiba SpexFluoromax 3 Spectrometer.
Quantum yields were determined in degassed toluene in comparison with a standard [Ir(ppy) 3 = 0.4]. 21 For decay measurements, the complexes were doped in an optically inert zeonex matrix, spin coated onto quartz substrates which were subsequently mounted in a displex cryostat and evacuated with a turbo molecular pump. Samples were excited with a 450 nm dye laser pumped by a pulsed YAG laser emitting at 355 nm (from EKSPLA) at 45° angle to the substrate plane; the energy of each pulse was ca. 40 µJ per pulse. Emission was focused onto a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics) with sub nanosecond resolution. Neat films of 1 and 5 were dropcast from chlorobenzene solutions onto sapphire substrates on a hotplate preheated at 60 o C. Figure 1 shows the structures of the complexes used in this study. The synthesis of complex 5 is shown in Scheme 1; the syntheses of complexes 3, 4 and 6 are described in the Supporting Information; complex 2 has been reported previously. 22 The solubilities of complexes 2-6 are considerably improved compared to FIrpic (1). Thus, ≥25 mg of 2-6 are soluble in 1 mL of chlorobenzene, toluene or 1,4-dioxane at 293 K, whereas the comparable solubility of FIrpic is ≤ 5 mg/mL. Complexes 2-6 show strong absorption bands in the 230-350 nm region (Supporting Information, Figure S1 ) which are assigned 9 to ligand-centered * transitions and closely resemble the absorption spectra of the free ligands. The complexes also show absorption bands with lower extinction in the range 350-400 nm, which are assigned to singlet and triplet metal-to-ligand charge- The photoluminescence (PL) spectra of 1-6 in toluene solution are shown in Figure 2 and the data in solution and thin film are summarized in Table 1 . Complexes 2-6 (λ max 464-475 nm in PhMe;
RESULTS AND DISCUSSION
466-476 nm in film) retain the sky-blue emission of FIrpic (λ max 469 nm in PhMe; 470 nm in film).
These data demonstrate the success of a key molecular design feature in 5 and 6, namely the orthomethyl groups which twist the mesityl ring out-of-plane, thereby minimizing the extension in conjugation which would lead to an undesired red shift. Photoluminescence quantum yields (PLQYs) of complexes 2-4 and 6 are similar to that of FIrpic (1); however, complex 5 has a significantly higher quantum yield (Φ PL 0.92). Complexes 1, 2, 5 and 6 were doped in zeonex at low concentrations (0.01%) and their decay rates 1/τ were recorded ( Table 1 ). The complexes were not doped into PVK to ensure that their lifetimes were unaffected by PVK dimer quenching; 24 0.01% concentration of complex avoids the quenching that is known to take place in films with high concentrations of Ir complexes. 25 The decay rates can be expressed as:
1/τ=k r +k nr (1) where k r is the radiative rate, k nr is non-radiative rate. In order to evaluate the effect of concentration quenching the decay rates of these complexes at high complex concentrations (12%) were also recorded:
1/τ q =k r +k nr +k q (2) where, k q is the concentration quenching rate, which was evaluated by subtracting the decay rate of 0.01% complex:zeonex (eq. 1) from the decay rate of 12% complex:zeonex (eq. 2) ( Table 2 , column 3).
The k q of 1 is an order of magnitude higher than for complexes 2, 5 and 6. Therefore, the concentration quenching efficiency for 1 is almost 30%, whereas for complexes 2, 5 and 6 it is substantially smaller (4%, 5%, 12%, respectively). complex doped in zeonex decay rate, 1/τ q is 12% complex doped in zeonex decay rate, Φ PL is photoluminescence quantum yield, errors ±5%. PL decays were not determined for 3 and 4 as their EL is green shifted and the devices are not studied in detail in this manuscript.
Table1.
The greater concentration quenching in 1 than in 5 might be due to two reasons: (i) a reduction of intermolecular interactions in 5 arising from the bulky mesityl groups; (ii) better dispersion of 5 in the polymer matrix due to its improved solubility. To assess the roles of these two effects, the lifetimes Table   S1 ). The smaller concentration quenching in a neat film must arise due to the increased intermolecular The efficiency and luminance data of the devices are summarized in Table 2 . Complexes 2 -6 exhibit significantly higher efficiencies than FIrpic (1) For the next set of single-layer devices, optimization for complex 5 was carried out by systematic variation of the dopant concentration and emissive layer thickness. Figure 3 (panels e-h)
shows that the device V-J characteristics display the highest luminous efficiency (15 cd A -1 ; EQE 6.5%) at 8% w/w dopant, and an increase in the trapping efficiency as the dopant concentration
increases. An increase to 19.1 cd A -1 and brightness 5455 cd m -2 corresponding to an EQE of 8.7% was obtained at 8% dopant concentration by reducing the weight% of OXD-7 in the emissive layer from 50% to 37% (Table 2 ; device 7). These data are shown in the Supporting Information, Figure S4 .
It is known that the electron mobility plays a dominant role in determining the efficiency in To test if the electron transport material OXD-7 is affecting aggregation, a series of hybrid multilayer devices 8-17 (Table 2) Table 2 ) and then decreases (Fig. 4a) . In contrast, for 5 the efficiency rises with an increase of concentration and reaches a maximum of 6.8% EQE and ca. 15 cd A -1 at ca. 24% dopant concentration (device 16, Table 2 ). Further optimization of the multilayer devices with 5 as the emitter using PEDOT:PSS 1.1, instead of PEDOT:PSS 1.5, reproducibly gave efficiencies of 23 cd A -1 at 20% dopant (device 18, Table 2 ).
These data are shown in the Supporting Information, Figure S5 . The effects of different PEDOT:PSS conductivity on charge carrier balance 38 and OLED performance 39 have been reported. Turn-on voltages for devices 15-18 are reduced to ca. 5 V (at 10 cd m -2 brightness) which is typical of PVKbased PhOLEDs with an additional ETL. 12 These data confirm the increased concentration quenching of 1 in comparison with 5, which is consistent with reduced aggregation of 5 in PVK. Indeed, the EL spectra of the PhOLEDs with FIrpic (1) broaden significantly with increasing dopant concentrations due to aggregation of the complex (Fig. 4b) . In contrast, for complex 5 the EL spectra are essentially independent of dopant concentration (Figure 4c ). These findings corroborate the photophysical investigations described above and show that FIrpic (1) aggregates more than 5 in PVK -a factor which contributes to the significantly higher efficiency values of PhOLEDs of 5. The reduced aggregation of 5 is probably caused by the additional steric bulk of the mesityl substituents. Therefore, 5 should find widespread use in displays and lighting applications using solution processing techniques, without sacrificing device efficiency compared to vacuum deposited blue phosphor layers.
